A novel filamentous bacteriophage, fs-2, was isolated from Vibrio cholerae 0139 strain MD014. The fs-2 phage was a long filamentous particle 1200 nm long and 7 nm wide. The purified phage formed a turbid plaque when spotted on a lawn of the host organisms. The plaque-formation activity was stable following heating to 70 "C but was inhibited by treatment with chloroform. fs-2 had a single-stranded DNA genome and was converted to a double-stranded replicative form in the host cell. Almost all V. cholerae 0139 and 01 El Tor biotype strains tested were sensitive to the phage, but most 01 classical strains and non-01 non-0139 strains were resistant. The fs-2 genome comprised 8651 nucleotides containing nine open reading frames, five of which had predicted protein products partially homologous to the reported protein products of other filamentous phages. Although the extent of the homology was not particularly high, the genetic organization of other filamentous phages appears t o be preserved in fs-2. The phage was not integrated into the chromosome of ifs host, but a 715 nucleotide fragment located in the large intergenic region of fs-2 was highly homologous to a part of region RS2 (repetitive sequence 2) of the V. cholerae CTXQ, sequence which is speculated t o be required for integration of the phage into the W. -cholerae chromosome at a specific site.
INTRODUCTION
Vibrio cholerae is the host for a variety of phages (Rowe & Frost, 1992) . Some of the well-known groups are represented by kappa-type phage (temperate phage) , which is produced by most strains of El Tor biotype, and Mukerjee's cholera phages (virulent phage) , which are used for phage typing of V. cholerae 0 1 . Another group is represented by the filamentous phages which have a single-stranded DNA genome. This group has been well studied in Escherichia coli (coliphages) and has been used to develop cloning vectors. Recently, Kar et al. (1996) reported the isolation of filamentous phage VSK from V. cholerae 0139. VSK is unusual in that it can integrate its genome into the host chromosome and enter the lysogenic state. Another filamentous phage of V. cholerae designated CTXQ was reported by Waldor & Mekalanos (1996) . They reported that the CTXQ . The DDBJ accession number for the sequence reported in this paper is AB002632.
genome contained the entire virulence cassette (CTX element) including the gene for cholera toxin (ctx), and it can either replicate as a plasmid or integrate into the V. cholerae chromosome at a specific site (Waldor et al., 1997) . The authors speculated that the phage is involved in horizontal gene transfer of virulence determinants. Although this has not yet been shown to occur in the natural environment, the speculation is an attractive explanation of the emergence of a novel toxigenic V.
cholerae 0139 in India in 1992 (Rammanurthy et al., 1993) . We have found novel filamentous phages fs-1 (Ehara et al., 1997; Shimodori et al., 1997) and fs-2 from V. cholerae 0139. In this communication, we describe the general characteristics and genetic analysis of phage fs-2.
METHODS
Bacterial strains and media. V. cholerae 0139 strain MD014 was used for phage preparation. V. cholerae 0 1 , serotype Ogawa, biotype El Tor, strain 88UDT109 was used as an indicator strain to detect the phage. When necessary, V.
cholerae strains from our laboratory collection were also used. M. IKEMA a n d Y. HONMA E . coli XL-1 Blue (Stratagene) was used as the host for molecular cloning, Alkaline tryptone (per litre : 1 g tryptone, 0 3 g yeast extract, 0.5 g NaC1, 0.01 g NaHCO,) or heart infusion broth were used for the culture of V. cholerae. Luria-Bertani (LB) broth (per litre: 1 g tryptone, 0 5 g yeast extract, 0 5 g NaCl) or LB agar plates supplemented with ampicillin (100 pg ml-l) were used for growth of E . coli containing cloning vectors.
Purification of fs-2 phage. V. cholerae strain MD014 was cultured in alkaline tryptone at 37 "C for 18 h with shaking.
The supernatant was filtered through a 0.45 pm pore size membrane and salted out with 10% saturated ammonium sulfate. The precipitate collected by centrifugation (16000 g, 20 min) was suspended in 10 mM phosphate-buffered saline (pH7.4) and dialysed against the same buffer. This sample was fractionated by sucrose density-gradient centrifugation (sucrose gradient ranging from 10 to 60'3'0, w/v; 152000g, 12 h). The purity of the phage in the fractions was examined by electron microscopy and electrophoresis.
Isolation of phage genome and replicative-form (RF) DNA. The fs-2 genome was isolated from the purified phage using phenol/chloroform extraction (Sambrook et al., 1989) . The RF DNA of fs-2 phage was isolated from V. cholerae 0139 strain MD014 by the method of Birnboim & Doly (1979) . The DNA was electrophoresed on 0 9 % (w/v) agarose gel and visualized with ethidium bromide or acridine orange. Acridine orange interacts differently with double-and single-stranded DNA, fluorescing green and orange, respectively (McMaster & Carmichael, 1977) .
Electron microscopy and electrophoresis. The purified phage was negatively stained with 4% (w/v) uranyl acetate and observed in a Hitachi H-7500 transmission electron microscope. Protein analysis was carried out by SDS-PAGE and immunoblotting as described by Laemmli (1970) and Towbin et al. (1979) respectively. Preparation of antisera. A rabbit (Japanese White, 2 kg) was immunized with 0.1 mg (1 ml) purified fs-2 phage every 2 weeks. One millilitre of antigen emulsified with the same volume of Freund's complete adjuvant was injected subcutaneously. For the boosting injection, 01 mg fs-2 phage and Freund's incomplete adjuvant was used.
Plaque-formation test and host range. A 0.1 ml sample from an overnight culture of V. cholerae strains in heart infusion broth was mixed well with 4 ml soft agar (per litre: 1 g peptone, 0.5 g yeast extract, 05 g NaCl, 0 6 g agar) at 45 "C, and overlaid on a glass slide. Five microlitres (10' p.f.u. ml-l) of phage solution was spotted on the layer and incubated at 37 "C overnight. The stability of plaque-formation activity to heat and organic solvents was examined using the method of Taniguchi et al. (1984) . T o determine the host range of the fs-2 phage, the plaque-formation test was performed with 93 V. cholerae 01 El Tor strains, 50 V. cholerae 01 classical strains, 49 V. cholerae 0139 strains and 34 V. cholerae non-01, non-0139 strains from our laboratory collection.
Southern hybridization. DNA was electrophoresed on 0.9 % (w/v) agarose gel and transferred to a nylon membrane (Hybond-N+; Amersham). Labelling of the DNA probe with horseradish peroxidase and detection of the signal were carried out by using ECL direct nucleic acid labelling and detection systems (Amersham). The procedures for blotting, hybridization and washing were carried out under highstringency conditions as described in the instruction manual.
Cloning and DNA sequencing. The RF DNA of the fs-2 phage was digested with EcoRI, DraI, StyI, BssHII, HpaI, SspI, HindIII, XbaI, AccI and ScaI. Restriction fragments were cloned into the phagemid vector pBluescript I1 KS' (Stratagene) and then transformed into E. coli XL-1 Blue.
Exonuclease I11 and mung bean nuclease (Takara Shuzo) were also used to generate the subclones of nested deletions. The cloned plasmid DNA was isolated by the alkaline lysis method using a Qiagen Plasmid kit (Funakoshi). Sequencing was performed by the dideoxynucleotide triphosphate chaintermination method (Sanger et al., 1977) with a Thermo Sequence pre-mix cycle sequencing kit (Amersham) and a Hitachi SQ-5500 sequencer. The program BLAST 1.4.9 (Altschul et al., 1990) was used to search for homologous sequences in the databases.
RESULTS

Purification, characteristics and host range of fs-2 phage
The pellet obtained by salting out the culture supernatant with ammonium sulfate contained almost pure phage with only a small amount of cellular contamination, In the further purification procedure using sucrose density-gradient centrifugation, fs-2 was concentrated at a sucrose density of 34-41 % (w/v). Electron microscopy revealed the filamentous nature of the fs-2 phage particles : approximately 7 nm wide and 1200 nm long (Fig. 1) . The purified fs-2 phage made a turbid plaque when it was spotted on host strains. The SDS-PAGE profile of proteins prepared from the purified fs-2 phage revealed a single band of about 4.5 kDa ( (Fig. 2b) .
The plaque-formation activity of the phage was stable at temperatures below 70 "C for 10 min but was inhibited completely by heating to 80 "C. It was also inhibited by 
fs-2 phage genome
The DNA purified from the phage migrated to a position corresponding to a size between 9.4 and 6.6 kb on agarose gel electrophoresis (Fig. 3a, lane 3) . The phage genome was resistant to RNase and all restriction enzymes tested. On the other hand the fs-2-producing strain MD014 contained a plasmid of 8.5 kb which was thought to be the RF DNA (Fig. 3a, lane 2) . The phage genome was stained orange by acridine orange, indicating single-stranded DNA (McMaster & Carmichael, 1977) , while the plasmid obtained from strain MD014 stained green, indicating double-stranded DNA. In Southern hybridization analysis using horseradishperoxidase-labelled fs-2 phage DNA as a probe, the probe hybridized with the plasmid but not with the phage DNA (Fig. 3b) . When the plasmid was used as a probe, it hybridized with both plasmid and phage DNA (Fig. 3c) . On the basis of these results we concluded that the plasmid found in MD014 is the RF of the singlestranded phage DNA.
Nucleotide sequence of the fs-2 genome
The sequence of the fs-2 RF was determined on both strands on overlapping DNA fragments, and a homology search was performed for the presumed open reading frames (ORFs) in both strands. ORFs homologous to the genes of other filamentous phages were located on one of the strands. Therefore we postulated that the sequence submitted to DDB J with the accession number AB002632 was the viral strand of the singlestranded fs-2 phage genome. The first nucleotide of the recognition site of the restriction enzyme ScaI was taken as the zero coordinate of the sequence. The nucleotide sequence analysis of the fs-2 RF revealed the presence of nine ORFs as indicated in Table 1 and Fig. 4(a) . All the ORFs were preceded by potential ribosome-binding sites (Shine-Dalgarno sequence) ( Table 1 ). The homology search showed that six of the nine predicted protein sequences were homologous to previously reported phage proteins (Table 2) .
DISCUSSION
The general characteristics of fs-2 are similar to those of other filamentous phages such as f l , fd, M13 (Model & Russel, 1988) , IKe (Peeters et al., 1985) and Pf3 (Luiten et al., 1985) . fs-2 has a single-stranded DNA genome and is converted to a double-stranded RF in the host cell as seen in other filamentous phages.
The SDS-PAGE profile of the fs-2 phage showed a single molecular species of about 4 5 kDa which is predicted to be a major coat protein. Generally, coat structures of filamentous phages are composed of more than 2500 copies of a major coat protein between 4.5 and 5.2 kDa and a few copies of one or more minor proteins which are present in amounts too small to be detected by SDS-PAGE (Tseng et aE., 1990) . The molecular mass of the major coat protein deduced from the nucleotide sequence (orf 73) was 7.2 kDa (Table l) , which is bigger than the estimated size of the major coat protein deduced from SDS-PAGE. This suggests that the major coat protein of fs-2 may be synthesized via a precursor polypeptide with a signal sequence, as occurs in other filamentous phages (Model & Russel, 1988) . Indeed the N-terminal sequence of 29 amino acid residues of the product of orf 73 shares several characteristics of signal sequences (Von Heijne, 1985) . The deduced molecular mass of the mature major coat protein after cleavage of of the other V. cholerae filamentous phages VSK (Kar et al., 1996) and CTXQ, (Waldor & Mekalanos, 1996) . orf 38, orf 73 and orf 116 of the fSm2 phage are a would be aPProximatelY 4'5 kDa* homologous to the gene IX (minor coat protein ; Stassen The fs-2 phage has a wide host range among V. cholerae 0139 and 01 El Tor biotype strains. Some V. cholerae 01 classical biotype and non-01, non-0139 strains are also sensitive. This suggests that the phage could be a vector of genes among a wide range of V. cholerae strains.
The RF of the fs-2 phage is 8651 nucleotides long and its G + C content is 44.51 mol YO , which deviates from that of the host V. cholerae (4749 mol%). The restriction enzyme map of fs-2 RF (Fig. 4a) (Beck & Zink, 1981) , which are necessary for phage morphogenesis. The biggest ORF, orf 716, is homologous to replication protein of phage HP1 , which is necessary for replication of the phage DNA (Esposito et al., 1996) . orf 498 is comparable in size and location to the gene 111; however, there is no homology between them. The gene I11 may be so different because its products participate in receptor binding and the receptor for different phages varies widely between bacterial species (Waldor & Mekalanos, 1996) . Between orf 716 and orf 38 there are two small ORFs, orf 104 and orf 39. Similarities in their size and location suggest that orf 104 corresponds to the gene V (ssDNA-binding protein) and orf 39 to the gene VII (minor coat protein) of coliphages, respectively ; however, again no homology between these genes was found. A stem-loop structure which is also found in the other filamentous phages (Model & Russel, 1988) is located between orf 73 and orf 498 (Fig.  4a) . After orf 500 there is a large non-coding sequence containing stem-loop structures (Fig. 4a) . This sequence is suspected to correspond to the intergenic region (IG) of coliphages which act as the origins of DNA replication, the packaging or morphogenetic signal and rho-independent terminator for transcription (Model & Russel, 1988) . Although the extent of homology between those genes is not particularly high and some genes show no homology, the overall genetic organization (size and location of genes, presence of intergenic region and stem-loop structures) of the filamentous phages appears to be preserved in the fs-2 phage (Fig. 4b) . For example, orf 73, assigned as the gene encoding the major coat protein, is followed by the long orf 498, and then the short orf 116 is followed by two long ORFs, orf 361 and orf 500. It would be interesting to determine the meaning of the similarities and differences of these genes in order to understand the evolutionary change of filamentous phages.
Southern hybridization analysis of V. cholerae chromosomal DNA using single-stranded fs-2 phage DNA as a probe revealed that the phage was not integrated into the host chromosome, but a fragment that hybridized with the phage DNA was detected (data not shown). This result indicates that these host strains have sequences homologous to a part of the phage DNA in their chromosome which could allow integration by homologous recombination.
The homology search revealed that a 715 nucleotide fragment (nucleotides 8051-114) located in the large intergenic region of fs-2 was highly homologous (97% identity) to a part of region RS2 (repetitive sequence 2) of the V. cholerae CTXm sequence (Waldor et al., 1997) which is also encoded by the virulence cassette (CTX core region) of the V. cholerae chromosome. The homologous part in the RS2 was designated as the rstB2 gene, which is speculated to be required for integration of the phage into the V. cholerae chromosome at a specific site. During the course of evolution the phage may have recombined with its host chromosome and the site may act as the hot-spot of recombination and integration. It is possible that the phage can mediate the transfer of some genetic elements (e.g. the virulence cassette) from pathogenic organisms to non-pathogenic ones. The study of filamentous phages may clarify the mechanism of gene transfer among organisms and the role of the phages in the evolution of natural populations.
